Abstract-Stop-and-go traffic can cause a significant amount of pollutant emissions due to frequent accelerations and decelerations. Various efforts have been made to smooth traffic flow and reduce air emissions and fuel consumption in stopand-go conditions. In this paper, we propose a cooperative algorithm based on inter-vehicle communications (IVCs) to suggest advisory speed for the purpose of smoothing vehicle's speed profile without sacrificing the transportation efficiency. By utilizing the preceding vehicle's information, the algorithm extract the period of fluctuations and estimate the average speed of traffic flow to provide an appropriate speed suggestion. In simulation, our algorithm is evaluated with realworld traffic data. The results demonstrate the effectiveness of our algorithm and show that the CO 2 emissions can be reduced by up to 26.9% while the fuel consumption can be saved by 24% to 28%.
INTRODUCTION
The transportation sector in the United States accounts for one third of greenhouse gas emissions, of which 80% is from cars and trucks in roadway systems [1] . A significant amount of pollutant emissions and fuel consumption are made due to traffic oscillations including high acceleration, congestion and stop-and-go conditions [2] . It has been found that by reducing traffic oscillations, especially eliminate frequent acceleration and deceleration events associated with stop-and-go traffic that exists during congested conditions, CO 2 emissions can be reduced by up to 20% [3] .
Many efforts are made to reduce traffic oscillations, such as changeable speed signs, eco-driving, and ISA system. The changeable speed signs are devices used to display variable speed limits for traffic flow readjustment. The variable speed limits are calculated based on the average speed of traffic [4] , the shockwave prediction algorithms and environment factors [5] , the traffic flow rates and congestion levels [6] or even the model predictive control approach [7] . It is shown that these methods significantly improve the stability of traffic by forcing drivers to obey the speed restriction. Instead of mandatory policies, eco-driving attempt to change drivers' behaviors through general advice, such as: do not drive too fast, do not accelerate too quickly, maintain steady speed, and keep vehicle in good maintenance. It is worth noting that nearly all eco-driving-related research to date has been on providing static advice to drivers and measuring before-and-after differences [8] . With the development of wireless communication, suggesting or enforcing speed limits for individual vehicle becomes possible. The Intelligent Speed Adaptation (ISA) system [9] is an example of providing advisory speed for individuals to smooth vehicle's trajectory in congested traffic. It can potentially mitigate traffic congestion by leveraging road congestion information.
Inter-vehicle communication (IVC) technologies enable vehicles to exchange information through dedicated shortrange communications (DSRC) devices. Sensors and antennas are equipped by cars and trucks which participate in VANETs (Vehicular Ad Hoc Networks). These devices can be used to develop advanced information systems [10] in cooperative approach. Recently, a control theoretic formulation within the framework of feedback control systems has been proposed to smooth traffic flow [11] .
In this paper, we propose an IVC-based cooperative algorithm and evaluate it with real-world traffic data. This algorithm is designed to provide a real-time advisory speed for a manually driven vehicle to smooth the movements and reduce air pollution and fuel consumption in stop-and-go fluctuations without sacrificing the transportation efficiency. In our study, Newell's car-following model [12] is used to limit vehicle speed for safety, and Fast Fourier transform (FFT) algorithm is used to obtain the frequency-domain characteristics. We also evaluate the smoothing effect of our algorithm using the Virginia Tech microscopic energy and emission model (VT-Micro) [13] .
The rest of this paper is organized as follows. Section II states the problems, assumptions and goals that our algorithm is designed for. In Section III, we introduce Newell's car-following model, FFT and VT-Micro as modules and preparation knowledge in our algorithm. We then propose the cooperative speed suggestion algorithm in Section IV and evaluate it with real trajectory data in Section V. Section VI concludes this paper and gives directions for future work.
II. PROBLEM STATEMENT

A. Problems
On an open single-lane road, a vehicle platoon starts with vehicle number 1 is following a leading vehicle 0. The leading vehicle, somehow, is traveling on stop-and-go traffic waves with frequent accelerations and decelerations. One or more vehicles in the vehicle platoon including vehicle 1 are Otherwise the traffic flow may be slowed down, and the transportation efficiency will be sacrificed. (3) The algorithm should take effect even if only one vehicle is following its leader. (4) A vehicle that implement this algorithm should not be interfered by other vehicles which are following behind since these followers' behavior is highly unpredictable. (5) A vehicle should benefit from the information that is shared from those vehicles in front of it and get better effect of smoothing.
III. ALGORITHM MODULE DESCRIPTION
In this section, we introduce Newell's car-following model for maintaining vehicle's speed limitation and FFT for period extraction. In addition, VT-Micro will be introduced to evaluate the environment impact after smoothing.
A. Newell's car-following model
Newell's car-following model is a simplified numerical solution to describe vehicle's movements. According to previous literature, this model is considered to be able to perform as well as complex models [16] , and has been verified in real-world traffic under several circumstances [17] . In our study, we use Newell's model to derive the realtime maximum safe speed of vehicles.
On a one-lane road, if vehicle n is following vehicle 1 n  , the trajectory of vehicle n can be denoted as [12] [18]
where n d is the jam spacing, f v is the free-flow speed, and n  is the response delay. Equation (1) implies that a following vehicle will manage to advance its position as far as possible, while keeping a distance no less than n d from the leading vehicle without exceeding the speed limit f v . That is, in congestion a vehicle will translate the leader's trajectory in space and time by a displacement n d and n  , while in uncongested traffic vehicle will travel at free-flow speed.
When vehicles move at a constant speed, the equation
is satisfied, then Newell's model can be written as
where the first regime of this equation provides a carfollowing condition which can be used to determine if a vehicle is following its leader. When vehicle's trajectory is smoothed,
will not be satisfied.
Anyhow, (2) can be used to calculate the real-time speed limit for safety. Since every vehicle in this paper is identical, we use d and  short for n d and n  .
B. Fast Fourier transform (FFT)
Fast Fourier transform is an algorithm to convert time (or space) to frequency and its inverse rapidly [19] . In our study, FFT is used to transform time-domain speed profiles into frequency-domain signals for analysis.
We utilize FFT algorithm as follow. The input is an array of velocity data . Another refining process should take place.
C. The Virginia Tech microscopic energy and emission model (VT-Micro)
Numerous fuel consumption and emission models have been developed over the past decade. State-of-the-art emission models are categorized as either macroscopic or microscopic. Macroscopic models, such as MOBILE and EMFAC, are capable of estimating network-wide emission rates. Alternatively, microscopic models, such as CMEM and VT-Micro, can estimate instantaneous vehicle pollutant emissions and fuel consumption second-by-second. In our study, we use VT-Micro model for evaluation since VTMicro takes speeds and acceleration rates as input which can be simply incorporated.
VT-Micro is developed as a regression model from experimentation with numerous polynomial combinations of speed and acceleration levels. It is demonstrated by [13] In the evaluation, we calculate the speeds and acceleration rates of every vehicle in simulation and compute air emissions and fuel consumption with the VT-Micro software [20] released by Dr. Hesham Rakha. We also take standard deviation as a key criterion into consideration. By comparing these profiles, we can demonstrate the effectiveness of our algorithm.
IV. PROPOSED ALGORITHM
In this section, we propose a cooperative speed suggestion algorithm which calculate the advisory speed in seven steps. The block diagram of this algorithm is shown in Figure 1 . The algorithm is developed for both continuous time and discrete time, but for simplicity, we consider the time as discrete and the time interval is 1 second. 
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1) Safe speed calculation
In this step, the real-time maximum safe speed is calculated by using Newell's car-following model. As discussed in Section III, we have 
2) Period extraction
To acquire the precise average speed that the preceding vehicle 1 n  is traveling at during a stop-and-go period, we need to extract the period of fluctuations, 
It is a simple way to estimate the period.
is the period we expect. If multiple 0 P exist, the largest one should be chosen. Additionally, when 1 tW    , there is no enough information for period extraction, the period will be considered as   
3) Speed averaging
With the period calculated in the previous step, we can obtain the average speed of the preceding vehicle as our referential speed by
4) Vehicle chase
If vehicle n is failed to follow vehicle 1 n  , transportation efficiency will deteriorate. Thus, we dynamically increase the referential speed by K is the total number of vehicles which are in front of vehicle n and sharing informations.
7) Speed Selection
The last step is the speed selection. It is necessary because the cooperative speed In this section, we evaluate our algorithm by measuring several assessment criteria of velocity, emissions and consumption. A simulation platform has been established with a single-lane road scenario. In this simulation, four vehicles including a leading vehicle (vehicle 0) and three followers (vehicle 1, 2, 3) are traveling on the road for 1200 seconds. The trajectory of the leading vehicle is provided, and the parameter settings of this simulation are shown in Table 1 . Table 1 Figure 2 and Figure 3 show the displacement and speed profiles of the leading vehicle and the first two followers. The red solid line, blue dashed line and green dotted line represent the trajectory/velocity curve of vehicle 0, 1 and 2 respectively. We can see that the speed profile of vehicle 1 is much smoother than the leader's, and the vehicle 2's is even smoother than vehicle 1's with cooperative assistance involved. As shown in Table 2 , the average speed of vehicles is almost the same while the standard deviation of speed is reduced by 53.5% to 70.6%. Table 3 shows the air emissions and fuel consumption calculated by the VT-Micro software. The linear, quadratic, cubic and quartic coefficients of speed and acceleration are preset based on tests with chassis dynamometer data collected at the Oak Ridge National Laboratory (ORNL). As listed in Table 3 , the followers' emissions and consumption are significantly reduced. For example, CO 2 emission is reduced by up to 26.9% and fuel consumption can be saved by 24% to 28% with our algorithm implemented. In general, the results of this simulation demonstrate the effectiveness and environmental benefits of our algorithm as expected. 
VI. CONCLUSION
In this paper, we introduce Newell's car-following model to describe vehicle movements and FFT algorithm to analyze characteristics in frequency domain. An inter-vehicle communication based algorithm which suggest smoothed speed in stop-and-go traffic is proposed. The algorithm first extracts the period of oscillations, then calculate, adjust and smooth the average speed as the advisory speed with vehicle cooperation involved. In the simulation, we use VT-Micro to compute pollutant emissions and fuel consumption. By comparing the emission data combined with the statistics of speed, we demonstrate the smoothing effect and environmental benefits of our algorithm.
In our study, we focus on a single-lane scenario which is relatively simple. In the real world, multi-lane roads are commonly exist, and the study in traffic models and driver behaviors in multi-lane scenario are necessary and attractive. In addition, communication range and connection loss should be taken into account. Further research are needed to develop more complex algorithms or strategies to make the transportation environmentally friendly.
